INTRODUCTION

56
Immediately after a plus-strand RNA virus enters a host cell and uncoats, ribosomes are 57 recruited to its genome for translation of viral proteins. The genomic RNA must be a highly 58 efficient template for translation in order to effectively compete with cellular messenger RNAs for 59 the translation machinery. Eukaryotic mRNAs contain specialized structures for ribosome 60 recruitment, namely a 5'-m 7 G cap and a 3'-poly(A) tail, which act synergistically to enhance 61 translation (1) . Eukaryotic initiation factor (eIF) 4F binds directly to the 5'-cap through its eIF4E 62 subunit, while the poly(A) tail is bound by poly(A)-binding protein (PABP) (2). eIF4G, the large 63 subunit of eIF4F, binds simultaneously to eIF4E and PABP (3), thereby forming a protein bridge 64 between the two terminal structures and circularizing the mRNA (4). eIF4G also binds eIF3, which 65 recruits the 40S subunit of the ribosome (5) . In plants, ribosome recruitment to an mRNA can also 66 be facilitated by an eIF4F isoform, eIFiso4F, which contains its own distinct eIFiso4E and eIFiso4G 67 subunits (6). structure involving a pseudoknot between a G-rich bulge and a C-rich sequence (15) . The smallest 80 3'CITE identified so far is the I-shaped class first identified in the tombusvirus Maize necrotic 81 streak virus (MNeSV) (16) (Fig. 1C) . The I-shaped 3'CITE is also present in some aureusviruses 82 and carmoviruses (17, 18) ( transfected essentially as described before (35) . Briefly, the lower epidermis was removed from 6-7 PAGE and Western blot analysis was performed with different anti-eIF antisera (Fig. 3C) . Neither 233 the Ym1 mutant 3'CITE nor the CIRV 5'UTR were found to complex with any of the eIFs, whereas 234 the MNeSV 3'CITE formed complexes with components of both eIF4F and eIFiso4F (Fig. 3C ).
235
The wt CIRV 3'CITE also complexed with all four eIF components, as did the wt TBSV 3'CITE 236 (Fig. 3C) . In an effort to determine if the CIRV 3'CITE interaction observed was direct, streptotag 11 affinity assays and electrophoretic mobility shift assays were performed with the 3'CITE and 238 purified eIF4F. Binding was observed for the wt CIRV 3'CITE, however the mutant 3'CITE Ym1, 239 as well as other non-functional 3'CITE mutants, also bound to eIF4F with comparable affinities 240 (data not shown). An effort was also made to detect a direct interaction via ultraviolet cross-linking 241 of the CIRV 3'CITE to eIFs in wge, however this approach proved unsuccessful. Accordingly, it is 242 clear that the CIRV 3'CITE does complex specifically with eIFs in wge (Fig. 3C) , however it 243 remains unclear as to whether this interaction is direct or indirect.
244
In vitro and in vivo activities of CIRV genomes containing heterologous 3'CITEs.
245
Having identified eIFs as ligands for the CIRV 3'CITE and knowing that other 3'CITEs also 246 function via this strategy, we wondered whether the CIRV 3'CITE could be functionally replaced by shaped element were constructed (Fig. 1) . In addition to CIRV-M, which contains the I-shaped 253 3'CITE from MNeSV, CIRV-C and CIRV-T were engineered to contain the PTE-class 3'CITE from 254 CLSV and the BTE-class 3'CITE from TNV-D, respectively (Fig. 1C-F adapter loop sequence that was complementary to the adapter loop in the 5'UTR of CIRV (Fig. 1A) .
259
The adapter loop in the wt MNeSV 3'CITE is naturally complementary to the CIRV 5'-adapter ( Fig. 12 1A,C), and was previously shown to interact with it (17). However, the natural adapter loops of the 261 CLSV PTE and the TNV-D BTE had less base-pairing potential with the CIRV 5'-adapter sequence 262 and, thus, were replaced with a complementary terminal loop to increase adapter base pairing 263 potential (Fig. 1D,E) .
264
To assess the viability of the heterologous 3'CITEs in the CIRV genome, in vitro-transcribed 265 RNAs of CIRV-M, CIRV-C and CIRV-T (Fig. 1F ) were generated along with wt CIRV and CIRV- CIRV-C were highly active in this assay, mediating a 32-fold and 18-fold increase in p36 270 production, respectively, compared to CIRV-∆TE (Fig. 4A) . The effectiveness of these two 271 chimeric genomes in wge is underscored by the fact that they are translated significantly more 272 efficiently than wt CIRV (Fig 4A) . In contrast, CIRV-T was translated only moderately more 273 efficiently than CIRV-∆TE, indicating that its BTE activity was weak in this assay (Fig. 4A) . Next, Interestingly, the passaged CIRV-M isolate acquired two G-to-A mutations in the core region of its 322 I-shaped 3'CITE (Fig. 6A) , and in the two separate serial passages of CIRV-C, two different 323 mutations involving the same G-U base pair in the PTE were observed (Fig. 6B) . In the first CIRV-
324
C isolate (isolate-1), the G-U pair was changed to a G-C base pair through a U-to-C substitution, 325 and in the second isolate (isolate-2) the same G-U pair was changed to an A-U base pair through a 326 G-to-A substitution (Fig. 6B) . 327 We next wanted to determine whether the 3'CITE mutations acquired through serial passage passaged CIRV-C isolate-1, termed CIRV-Mp and CIRV-Cp, respectively (Fig. 6C) . However, 331 because it was possible that these clones contained mutations other than those in the 3'CITEs (that 332 could contribute to phenotypic changes), additional genomic constructs were made in which only 333 the 3'CITE mutations that arose during serial passage were introduced into CIRV-M or CIRV-C, 334 termed CIRV-MpTE and CIRV-CpTE, respectively (Fig. 6C) . The in vitro and in vivo activities of 335 these genomes were then assessed in comparison to CIRV-M and CIRV-C, which contained the 336 original heterologous 3'CITEs (Fig. 7) . In wge translation assays, production of p36 from CIRV-
337
Mp and CIRV-MpTE was similar to the level generated by CIRV-M (Fig. 7A) . In contrast, in vitro 338 translation of CIRV-Cp and CIRV-CpTE was ~50% higher than for CIRV-C (Fig. 7A) , 339 demonstrating that the single-base change from U to C in the PTE that was selected for during serial CIRV-M (Fig. 7B) . For CIRV-CpTE, minor decreases were observed in both N. benthamiana and 343 barley protoplasts relative to CIRV-C (Fig. 7B) . Thus, other than a small increase in accumulation 344 in barley protoplasts for CIRV-MpTE, the 3'CITE adaptations did not appear to confer an 345 accumulation advantage in single-cell infections.
346
While the two nucleotide substitutions in the I-shaped 3'CITE ( Fig. 6A) did not notably 347 augment activity in wge or protoplasts (Fig. 7A,B) , they did cause a considerable enhancement of 348 infectivity in whole N. benthamiana plants (Fig. 7C) . Extensive yellowing and curling of the 349 inoculated leaves were observed in plants infected with CIRV-Mp and CIRV-MpTE, but not with 350 CIRV-M (Fig. 7C) . Also, the levels of viral RNA extracted from leaves inoculated with CIRV-Mp 351 and CIRV-MpTE were consistently higher than from CIRV-M-inoculated leaves (Fig. 7C) . CIRV-M was not able to do (Fig. 7C) . For plants inoculated with CIRV-Cp and CIRV-CpTE, 354 symptoms were similar to CIRV-C (Fig. 7C ) and viral RNA accumulation in inoculated and non-355 inoculated leaves was somewhat lower compared to CIRV-C (Fig. 7C) , indicating that the 356 adaptation in the PTE 3'CITE did not appear to enhance these monitored parameters when 357 compared to those of CIRV-C. wge, except for mutant M3B, which contained the G-to-A mutation that was selected for by CIRV-388 M in serial passaging (Fig. 8C) 3'CITE activity (9) we investigated whether these factors were also involved in CIRV 3'CITE 409 function. We determined that the CIRV 3'CITE activity is indeed mediated by eIF4F (Fig. 2) and 410 that it interacts with this factor, as well as its isoform, in wge (Fig. 3) . As the individual subunits 411 eIF4G and eIF4E did not mediate efficient translation (Fig. 2B) proteins of potential interest (other than eIFiso4G, which was confirmed via mass spectrometry) 426 (data not shown). Accordingly, if a wge-specific factor is required to bridge/facilitate the 3'CITE-427 eIF4F interaction, higher resolution methods will be required to identify such factors.
428
Although it remains to be determined whether eIF4F binding to the CIRV 3'CITE is direct 429 or indirect, formation of this interaction would locate these eIFs proximal to the 3'-end of the viral 
